Abstract-The effects of an ammonia-based catalyst, surface coverage, organofunctional group and chain length on silane adhesion promoter efficacy were examined at a benzocyclobutene (BCB)/silicon dioxide interface with silanes of varying functionality and chain length. Fracture-mechanics-based techniques, and X-ray photoelectron spectroscopy and contact-angle measurements were used to quantify the adhesion energy and silane surface coverage, respectively. Inclusion of a propylamine catalyst in silane solutions was found to affect both silane surface coverage and the resulting adhesion energy. However, in the absence of the catalyst comparable results were obtained with hydrolysis times in excess of 1 h. Only a weak dependence of adhesion energy on silane surface coverage was observed. After adhesion energy results for silanes with varying organofunctional group were normalized for differences in surface coverage, only the vinylfunctional silane was found to enhance adhesion of BCB to silicon dioxide, due to interaction of the vinylfunctional group with BCB during cure. A trend of increasing adhesion energy with increasing chain length was observed for CH 3 -terminated silanes (2 n 18), while an opposite trend of decreasing adhesion energy with increasing chain length was found for vinyl-terminated silanes (2 n 22). The results are compared to existing models of polymer chain entanglement.
INTRODUCTION
A unified understanding of silane film structure and its effect on adhesion energy has not been presented, despite decades of use and study of silanes as adhesion promoters [1] [2] [3] [4] [5] [6] . One reason for the lack of consensus may be the sensitivity of surface coverage and resulting adhesion to the rates of the hydrolysis and condensation reactions which can dramatically affect the properties of the silane layer. Although both reactions are necessary, condensation is the true deposition reaction, while hydrolysis must first take place in solution [2, 3] . Once hydrolyzed, however, silane molecules begin to condense in solution through reaction with each other. The oligomers which result reduce the density of chemical bonds which can form between the silane film and substrate. In this way, solution condensation can adversely affect film morphology, often resulting in a rough silane surface [7] .
For most silanes, the hydrolysis reaction is slow, followed by relatively quick condensation. For each solution chemistry there is an optimal time during which films should be spin coated, corresponding to maximum hydrolysis and minimum solution condensation. It has become common practice to prepare silane films from solution by including an ammonia-based catalyst [7, 8] . Past studies have included a comparison of films formed from solutions prepared with and without such a catalyst, concluding that catalyzed solutions produce films with superior surface coverage and adhesion promotion [9, 10] . However, none takes into account the time that must elapse for a catalyst-free solution to properly hydrolyze. A more appropriate comparison would be between a catalyzed solution and one that attempts to attain the proper degree of hydrolysis, for example, by exposing the silane to water (necessary for hydrolysis) before solvent is added to dilute it.
A comparison of this type is important because the possibility exists that the catalyst may become incorporated into the silane film. It has been observed, using FT-IR, that the amine group of a silane or catalyst can become physically adsorbed to a glass or silicon oxide surface [7, 11] . Dramatic gains in adhesion observed from solutions prepared using such catalysts might result from the catalysts inducing an alternate series of surface reactions with unexpected products. A second source of uncertainty in silane adhesion promotion is surface coverage. Because silanes have a functional group at each end of the molecule, it has been postulated that a monolayer or very thin film results in the highest adhesion energies [12, 13] . However, other studies report that 10-20 monolayers are optimum [4, 14] .
Surface coverage may also play a role when comparing silanes with different organofunctional groups. Plueddemann has suggested that silanes should be selected for specific applications based on organofunctional group [2] , and numerous studies have compared silane functionalities for specific polymer systems [14] [15] [16] [17] . However, these data may be skewed by variations in surface coverage. For example, γ -aminopropyltriethoxysilane is self-catalyzing and forms an internal cyclic zwitterion, which is particularly stable in solution [14] . This can result in higher surface coverage than similar films prepared using an ammonia-based catalyst [7] .
The effects of acid-base complexation at polymer interfaces containing selected organofunctional groups has also received attention. Surface energy measurements have been used to determine the thermodynamic work of adhesion [18] [19] [20] [21] . The authors of these studies note the difficulties in comparing the measured adhesion strength values with thermodynamic quantities, but are able to show relatively good predictions between the Gibbs free energy of mixing at the interface and resulting interfacial strength. Such studies, however, do not include the effects of chain entanglement at the interface. Alkyl chain length may be an important factor because longer chains may augment adhesion through entanglement with polymer layers [22, 23] . Very few past studies isolate the effect of chain length for silanes of identical functionality [24, 25] . However, chain entanglement is a common mechanism in adhesion of long-chain polymers in the absence of reactive functional groups [26, 27] .
To elucidate the mechanisms by which silanes augment adhesion and to identify important experimental factors, several of these factors were explored in the present study. The use of an ammonia-based catalyst was examined by comparing solutions prepared with a catalyst to those prepared by allowing the silanes to hydrolyze at their intrinsic rate. The effects of solution concentration and surface coverage on adhesion were investigated, and the results were compared to previous findings for similar systems. Data for various organofunctionalities are also presented and interpreted. The effect of silane alkyl chain length on adhesion energy is isolated using two sets of silanes: one with a terminal carbon-carbon double bond and another with a non-reactive CH 3 end-group.
EXPERIMENTAL

Materials
To evaluate the silanes, a benzocyclobutene polymer (BCB)(Cyclotene 3022-35, Dow Chemical, Midland, MI, USA) was selected. The cure reaction consists of a Diels-Alder reaction between o-quinodimethane formed during thermally activated ring opening and a carbon-carbon double bond located on an adjacent BCB backbone [28] . This reaction does not require a second component, nor does it produce gaseous by-products. Due, in part, to these properties, this family of polymers has found use as a passivation material in microelectronic packaging, as well as LCD and other display technologies [29] [30] [31] [32] [33] . Adhesion test specimens were prepared by creating a sandwich structure in which an approx. 3-µm-thick layer of BCB was bonded to two native oxide-covered silicon wafers coated with silane.
A variety of silanes were selected to examine different aspects of adhesion promotion. These are summarized in Table 1 . Mercaptopropyltriethoxysilane (MPS) was chosen for surface coverage studies because the sulfur atom of the functional group can be easily identified with XPS. Vinyltriethoxysilane (VS) is included in studies of organofunctional group because its carbon-carbon double bond is likely to take part in the Diels-Alder curing reaction of BCB polymer [4] . Similarly, silanes selected to study variations in adhesion energy with alkyl chain length are terminated either by a reactive carbon-carbon double bond or a nonreactive CH 3 group. Silanes used in the chain length study are detailed in Table 2 . Since so many combinations were studied, Table 3 summarizes which silanes were tested for each of the results subsections. All silanes were obtained from United Chemical Technologies (Bristol, PA, USA) with the exception of docosenyltriethoxysilane, which was obtained from Gelest (Tullytown, PA, USA).
Methods
Spin-coat solutions of the silanes were prepared by dissolving 1 part silane in 100 parts deionized water and diluting with approx. 900 parts methanol to produce See Tables 1 and 2 for silane abbreviations.
a 0.1 wt% solution (unless another concentration is specified). A few drops of propylamine were added as a catalyst to solutions of silanes not containing an amine group [7] . Control solutions were also prepared with methanol, water, and propylamine but no silane. The solutions prepared to evaluate hydrolysis time did not include propylamine, and the specified times elapsed between addition of water and methanol. Silicon wafers with native oxide (1.0-1.5 nm thick) were used. The wafers were cleaned in 9 : 1 H 2 SO 4 /H 2 O 2 at 120
• C for 20 min before being rinsed with deionized water and dried in a spin rinse dryer. Solutions of various silanes were then deposited on the wafers by spin coating approx. 2 h after solutions were mixed. Some of these wafers were set aside for surface analysis (described below), while the rest were coated with BCB to evaluate adhesion energy.
Wafers were spin-coated with approx. 1.5-µm-thick BCB. No hot plate pre-cure was used. The wafers were then cleaved into 40 mm × 40 mm squares, with two squares then placed face to face. The BCB was cured at 250
• C for 60 min under pressure (<70 kPa) in a nitrogen ambient.
Critical adhesion energies were measured using the 4-point bending technique [34] . The bonded squares were diced into 40 mm × 3 mm × 1 mm bending specimens. A notch was cut into the center of the beam to help bifurcate the crack along the interface. Specimens were tested in a custom-built micromechanical test rig with a servomotor actuator and custom computer control. In this configuration, the adhesion energy, G, is independent of crack length. The critical load values, P c , were determined from the plateau regions in the plots of load vs. displacement, using a test procedure previously described [34, 35] . Critical adhesion energy G c is given by [36] :
where L is the distance between the inner and outer loading pins. All adhesion energies reported in this paper are critical adhesion energies; however, the term adhesion energy is used for convenience. 4-point bending tests were carried out with a constant applied displacement rate of 2 µm/s, which resulted in a crack velocity of about 20 µm/s. Silanes with varying chain lengths were also tested at 5 and 10 µm/s to determine the sensitivity to strain rate, which is expected to change with varying displacement rate. This test involves approximately equal portions of normal (mode I) and shear (mode II) loadings, with shear forces acting along the long axis of the specimen. The relative contribution, or mode mixity, is indicated by the phase angle. A phase angle of 0
• indicates mode I or normal loading of the crack, and 90
• signifies mode II or pure shear loading. The mode mixity for the 4-point bend test is given by a phase angle of 43
• . Surface coverage was evaluated using XPS and contact angle measurements. The XPS calculation can be used whenever the molecule contains a "tag", or unique chemical species that signifies its presence. This method utilizes the ratio of the XPS signals from the molecule and silicon oxide along with other known information about the oxide layer. When the entire native oxide layer is sampled, it can be used to quantify surface coverage, φ, by the silane layer:
where normalized XPS signals are electron counts corrected for ionization probability [37] . Oxide thickness was measured for each wafer before deposition using ellipsometry. An oxide density, ρ oxide , of 2.04 g/cm 3 and molecular mass of 60.084 g/mol were used in the calculations. N A is Avogadro's number. The calculated molecules/area (φ) can then be compared to the known density of sites, 4.6 × 10 14 cm −2 [38] , and be expressed as "equivalent monolayers" (100% coverage = 1 equiv. monolayer). It is important to note that "equivalent monolayers" does not imply a self-assembled structure; it is simply a convenient way to represent the mass of material on a substrate. In fact, it has been suggested that due to steric crowding, silanes would not utilize all available sites on the silica surface [38] , and studies [39] have determined that a single layer corresponds to use of only 70% of available surface sites. (Calculations presented here were not adjusted to reflect this finding.) XPS analysis was performed using a Surface Science Laboratories small spot system with a monochromatized Al K α X-ray radiation source.
Surface coverage can also be quantified using the contact angle method [40] , which is based on the assumption that the contact angle on a partial film is the average (weighted by surface coverage) of the film's and the substrate's ideal contact angles. Surface coverage fraction f f , which is also equivalent monolayers, is given by:
where θ signifies various contact angles. Subscripts m, s and f correspond to contact angles on the specimen with film, ideal substrate and ideal film, respectively. All surface coverage values reported in this paper employed water as the probe liquid in static contact angle measurements. Any probe liquid can be used in this method, provided the same probe liquid is used for all measurements. This method can be used for all silanes, even those with no XPS "tag" element. However, the contact-angle value on an ideal film, θ f , is typically that of the silane's terminal group. Calculation of surface coverage using ideal contact angle values based on self-assembled films implicitly assumes that the silane film is selfassembled and is, therefore, a potential source of error. If precautions have not been taken to ensure self-assembly of silane molecules, surface roughness and misaligned chains could alter the expected contact angle. An extensive comparison of the two surface coverage methods was conducted using the mercaptosilane (MPS) and low concentrations of the aminosilane (APS). It was found that the values differed between these methods only by about 10% and that relative comparisons of films evaluated by the same method were valid. The only exception was APS films prepared from concentrations above approx. 0.02 wt%, which the XPS method indicated were multilayered. Since the contact angle method relies on surface properties alone, it cannot distinguish multiple layers of silane. APS is unique because the amine group catalyzes condensation [7] and the molecule is unusually stable in solution [14] . XPS analyses of all silanes studied indicate that only APS yields multilayer films for the concentrations investigated here [41] .
RESULTS AND DISCUSSION
Effects of ammonia catalyst and hydrolysis time
The dependence of mercaptopropyltriethoxysilane (MPS) surface coverage on hydrolysis time is presented in Fig. 1a . For comparison, the average value for specimens prepared with a catalyst is indicated by a dashed line (the amount of sulfur on the surface of control specimens prepared with no silane was below the detection limits of the XPS apparatus used; that value would be represented by a line coincident with the x-axis). Among the solutions prepared without a catalyst, the amount of silane deposited increases with hydrolysis time up to an optimal time before decreasing due to solution condensation. For MPS under these conditions, the ideal hydrolysis time is approx. 3 h. The surface coverage obtained by a 1.5-h soak is nearly identical to that achieved through use of the propylamine catalyst. The most notable result is that the highest coverage was not achieved through the use of a catalyst, but with a 3-h hydrolysis time. This contradicts past studies which concluded that the highest surface coverage was obtained with a catalyst [7, 9, 10] (no soak was included in these past studies).
The dependence of BCB/SiO 2 adhesion energy on MPS hydrolysis time is presented in Fig. 1b . Included for comparison are values for specimens prepared (1) with a control solution containing no MPS and (2) with the propylamine catalyst. It is evident that the presence of this silane reduces adhesion of BCB to silicon oxide. Adhesion energies were observed to immediately decrease with increasing (2)) as a function of hydrolysis time for 0.1 wt% mercaptopropyltriethoxysilane (MPS) films. The average value for specimens prepared with a catalyst is indicated by a dashed line (the amount of sulfur on the surface of control specimens prepared with no silane was below the detection limits of the XPS apparatus used; that value would be represented by a line coincident with the x-axis). Coverage increases with increasing hydrolysis time until solution condensation reduces the number of potential surface bonds (zero equivalent monolayer is reported for the 0-h specimen because no sulfur was detected by XPS). (b) Critical adhesion energy as a function of hydrolysis time for MPS films. Dashed lines correspond to critical adhesion energies for specimens prepared with (1) no silane and (2) with a catalyst containing silane solution.
MPS hydrolysis time to an average value of approx. 19 J/m 2 . This is surprising in light of the dramatic trends in surface coverage with increasing hydrolysis time demonstrated in Fig. 1a . These data indicate that, above a threshold surface coverage, there is only a weak dependence of adhesion energy on MPS hydrolysis time.
In order to ascertain the possible role of the catalyst in adhesion, XPS analysis was performed to determine the degree to which it was incorporated into the MPS film. The propylamine catalyst contains the only nitrogen in this system, so detection of this element would indicate presence of the catalyst. High-resolution XPS measurements were performed. There was little difference in the amount of nitrogen detected on films prepared with and without the catalyst (0.5% vs. 0.3% nitrogen, respectively). It has been reported in similar studies that a small amount of propylamine typically bonds to silica by the amine end during silane deposition [7] . However, this catalyst was merely physically adsorbed, so it is unlikely that it significantly altered adhesion energy since most silane molecules were covalently bonded to the substrate [7] . A consistent behavior is observed in the present MPS specimens in that comparable adhesion energies have been measured for films with similar surface coverage, regardless of whether the catalyst was used. That is, although a small amount of nitrogen was detected on the films prepared with the catalyst, it does not significantly alter surface coverage or adhesion energy.
The dependence of calculated surface coverage on hydrolysis time for vinyltriethoxysilane (VS) is presented in Fig. 2a . The absence of any identifying elemental species precludes the use of XPS to evaluate surface coverage in this case, so the contact angle method was employed here. Included for comparison are surface coverage values for films prepared (1) with a catalyst and (2) with no silane. Surface coverage values of the films prepared without the catalyst increase sharply with increasing hydrolysis time to an average value of approx. 0.79 equivalent monolayers for hydrolysis times between 3 and 24 h. Similar to the MPS films, the highest surface coverage values were attained without the use of the catalyst. Additionally, VS coverage is surprisingly insensitive to hydrolysis time over the range of 3 to 24 h.
The dependence of adhesion energy on hydrolysis time of VS films is presented in Fig. 2b . Adhesion energies for specimens prepared (1) with a catalyst and (2) with no silane are included for reference. The adhesion energies for the VS films with hydrolysis times of 1.5 h or longer are comparable to that of the specimens prepared with a catalyst. The trend of this data set does not deviate significantly from the surface coverage trend in Fig. 2a . This suggests that the plateau in Fig. 2a is a true feature of VS surface coverage for the hydrolysis times tested, rather than a shortcoming of the contact angle method employed.
Based on this analysis, the use of an ammonia-based catalyst in the preparation of silane spin-coat solutions does not significantly alter the surface coverage or adhesion energy that can be attained with these silanes, as compared to films prepared with an extended hydrolysis time in water (>3 h). Ultimately, the time saved by use of this catalyst makes it a more desirable method by which to prepare solutions. For the remaining experiments described in this paper, solutions of silanes without an amine organofunctional group were prepared with the ammonia-based catalyst, propylamine (γ -aminopropyltriethoxysilane, APS, is self-catalyzing [7] and, therefore, does not require an additional catalyst). 
Effect of solution concentration
The effect of surface coverage on adhesion energy for specimens prepared from γ -aminopropyltriethoxysilane (APS) solutions of varying concentrations is shown in Fig. 3 . Solution concentrations ranging from 0 to 1.0 wt% were prepared, yielding surface coverages ranging from 0 to 3.2 equivalent monolayers as determined (2)) for γ -aminopropyltriethoxysilane (APS). The average value for specimens prepared with no silane is indicated by a dashed line. A trend of increasing critical adhesion energy with increasing surface coverage is apparent. using XPS. Adhesion energy was augmented in the specimens prepared with APS; however, there was no effect of increasing equivalent monolayers of APS on adhesion. The difference in adhesion energies of specimens prepared with and without APS was as high as 55% (from 28.4 to 44.7 J/m 2 ) at 2.5 equivalent monolayers, or 0.5 wt% solution. For the present specimens, it is clear that a single monolayer is not necessary to achieve the highest adhesion energy, contrary to some previous predictions [12, 13] . However, embedded in these predictions is the assumption that the films are self-assembled. It is unlikely that this is the structure of the present APS films, since self-assembly of silanes has been illustrated only under strict anhydrous experimental conditions, which were not observed in the current study [42] [43] [44] [45] .
The weak dependence of adhesion energy on surface coverage for APS, MPS and VS is surprising, considering that small changes in surface chemistry often dramatically affect overall adhesion energy. It is commonly observed in systems containing ductile layers such as the BCB polymer employed here that the measured adhesion energy far exceeds that which can be accounted for by the breaking of interfacial chemical bonds [46] . The difference is attributed to energy dissipation through plastic deformation of the ductile layer near the debond tip, or G pl . In such layered systems, G pl is a function of both interfacial and ductile layer properties:
where G o is the intrinsic interface adhesion energy,σ is the maximum separation stress of the interface, σ ys is the yield stress of the ductile layer and h is the thickness of the ductile layer [46] [47] [48] . G pl is generally a strong function of G o [47, 48] , which is expected to scale with silane surface coverage. What is surprising about the present specimens is that silane surface coverage appeared to have little effect on adhesion energies. This may be due to the structure of the silane film. For each of the three silanes for which adhesion data have been presented, there is a weak dependence of adhesion energy on surface coverage above approx. 0.7 equivalent monolayers. Recall that it has been predicted that due to steric crowding this level of surface coverage corresponds to use of all available sites on silica [39] . Once all available surface sites are occupied, additional silane molecules may not contribute to interfacial bonding (G o ) and, therefore, cannot significantly alter G pl . Excess silane molecules may provide some dissipative energy, but the contribution would be overshadowed by THE plastic deformation energy contribution of the BCB polymer, which is three orders of magnitude thicker than the silane layer.
Effect of organofunctional group
The effect of several common silanes on adhesion energy of the BCB/SiO 2 interface is presented in Fig. 4a . Silanes used were (1) vinyltriethoxysilane (VS); (2) γ -aminopropyltriethoxysilane (APS); (3) a control methanol, water, and propylamine rinse; (4) mercaptopropyltriethoxysilane (MPS); and (5) ethyltrimethoxysilane (ES). The values for VS and APS are consistent with previously reported results [49, 50] , indicating that both silanes augment adhesion energy of the BCB/SiO 2 interface. The exact values differ from those previously reported due to differences in BCB film thickness. Both MPS and ES exhibited lower adhesion energies as compared to specimens prepared with no silane. This result is expected because neither the SH or CH 3 end-groups of these silanes would be expected to bond with BCB during the cure reaction described earlier.
APS exhibits a higher adhesion energy than specimens prepared with no silane. However, there is no clear reaction path by which the amine functional group would bond chemically to the BCB polymer. This high value may be due to the fact that aminosilanes are self-catalyzing and particularly stable in solution [14] , which can result in higher surface coverage and biased results. It should be noted that the APS surface coverage resulting from a 0.1 wt% solution was reported in a previous section to be 1.91 equivalent monolayers, but the coverage for a comparable MPS film (0.1 wt%, with catalyst) is only 0.94 equivalent monolayers. To remove the effect of surface coverage, the present data were normalized for surface coverage.
Fractional surface coverage values determined from contact angles are presented in Fig. 4b . Due to the multilayer structure of APS, the contact angle coverage is only 50% of the XPS measurement. As mentioned earlier, APS yields the only multilayered film among the silanes in this study [7, 14, 41] . Therefore, the aminosilane (APS) is the only measurement expected to contain significant error due to the inability of the contact angle method to distinguish multiple monolayers from complete surface coverage. In contrast, the XPS surface coverage for the mercaptosilane (MPS) is only 8% higher than the contact angle measurement. BCB/SiO 2 adhesion energies normalized for silane surface coverage are presented in Fig. 5 . Here, the adhesion energies reported in Fig. 4a are divided by fractional surface coverages reported in Fig. 4b . These combined results most closely resem- ble those that would be predicted by chemical reactivity. VS is the only silane that significantly augments adhesion of BCB to silicon oxide because it is the only one mimicking BCB functional groups which take part in the curing reaction (Refs [4, 23] and T. Stokich, personal communication). The value for APS is almost within error of the specimen prepared with no silane, indicating that an NH 2 end-group does not significantly alter the adhesion energy of BCB to SiO 2 . In fact, if the higher XPS surface coverage value for APS had been used, this silane would have appeared to degrade adhesion energy with respect to chemical reactionbased mechanisms. Both MPS and ES degrade adhesion at the BCB/SiO 2 interface. Neither functional group would be expected to react with BCB during its curing reaction. However, the increase in contact angle upon deposition of these silanes would suggest increased wetting by the nonpolar solvent and BCB. This clearly rules out a wetting-based explanation which would have predicted an opposite trend to that observed.
This study illustrates the complicated interplay of factors that contribute to adhesion energy when silanes are utilized. In the BCB system, chemical bonding of the silane to the polymer layer is an important contribution, but it may be significantly influenced by surface coverage. Another potential contribution is silane alkyl chain length, which is discussed in the following section.
Effect of silane alkyl chain length
The dependence of BCB/SiO 2 adhesion energy on chain length for CH 3 -terminated silanes is illustrated in Fig. 6 . Included for comparison is the adhesion energy measured for a specimen prepared with no silane. Immediately apparent is a trend of increasing adhesion energy with increasing chain length. N-propyltriethoxysilane, which has 3 carbon atoms in its chain, was found to consistently exhibit adhesion values (about 22 J/m 2 ) higher than those suggested by this trend and are omitted from Fig. 6 . The reason for this may be related to electrostatic interactions in solution between the two ends of a single silane molecule, similar to those which partially account for unusually high surface coverage of APS [14] .
To quantify the increase in adhesion energy with chain length, G c has been modeled as a power law function of the number of carbon atoms in the alkyl chain, n:
The fitting parameter m was found to be 0.9 for the present specimens, while the polymer chain entanglement model predicts a value of 2 [26, 27] . However, this chain entanglement model was developed for significantly longer molecules, and its limitations with respect to short chains have not been determined. In order to compare the present specimens with other predictions generated by this model, the effect of loading rate was examined. The results for two additional loading rates are plotted in Fig. 7 . Here, the dependence of BCB/SiO 2 adhesion energy on chain length is presented for loading rates of 5 µm/s and 10 µm/s in addition to the data for 2 µm/s from Fig. 6 . It is immediately apparent that the dependence of adhesion energy on chain length decreases with increasing loading rate. For the 5 µm/s series, m = 0.1 (equation (5)), indicating a weak dependence. At 10 µm/s, there is no dependence. The existing models of entanglement-based adhesion predict that adhesion energy scales linearly with loading rate, above a critical crack growth rate associated with these higher loading rates [26] . Although the data in Fig. 7 linearly (albeit weakly) with loading rate, the results for the longest chains (n = 18) are not consistent with the predicted linear relationship. In this case, a decrease in adhesion energy with increasing loading rate is exhibited, rather than the predicted increase.
Although a chain entanglement mechanism has been predicted for silanes, this system differs from the models and polymers used to verify them. In addition to the disparity in chain lengths, the existing chain entanglement models were verified using block copolymers to encourage interdigitation of polymer chains [26] . The BCB/silane system does not employ any similar method to encourage mixing of the two dissimilar materials. However, it is clear that some type of length-dependent adhesion mechanism is operating. If silane chains do not diffuse into BCB polymer, they likely contribute to dissipative energy in proportion to THEIR chain length.
The dependence of BCB/SiO 2 adhesion energy on chain length for vinylfunctional silanes is presented in Fig. 8 . Included for reference is the average value for specimens prepared without any silane. As in the previous data, there is an outlier corresponding to the silane with 3 carbon atoms in its chain, which is not included in Fig. 8 . Nonetheless, the opposite trend in adhesion energy with chain length is observed when a reactive functional group is present. That is, adhesion energy decreases with increasing chain length for vinylfunctional silanes. This trend was also observed in a study of methacryloxy-functional silanes for use in polyester composites [24] . While there are no existing models which attempt to predict adhesion energy for silanes containing reactive end groups as a function of chain length, it is likely that this trend is related to the effect of silane chain configuration on the ability of silanes to bond with adjacent layers. Polymer chains tethered to a surface at one end take on a variety of conformations. In the limit of very short chains (n = 2), all conformations can be expected to direct the end-group toward the surface of the film. As n increases, most of the probable conformations (as determined by random walk and entropic considerations) are folded, rather than extended, with the organofunctional group shielded and thus prevented from bonding with the adjacent layer. This possibility has been also suggested in previous studies [24] .
An attempt was made to rule out differences in surface coverage as the source of observed trends. However, contact angles for these silanes were not reproducible, presumably due to variations in molecular orientation of the silanes. Nonetheless, the adhesion energies for each silane were consistent, even for films with widely different contact angles. X-ray reflectance (XRR) [52] , a low-angle X-ray technique in which data can be modeled to determine film thickness and rms roughness, was performed. The average values of film thickness (0.69 ± 0.10 nm) and roughness (0.19 ± 0.05 nm) were found to be remarkably consistent for all silanes listed in Table 2 .
CONCLUSIONS
The effects of an ammonia-based catalyst, surface coverage, organofunctional group and chain length on silane adhesion promoter efficacy were investigated. It was found that preparing spin-coat solutions with a propylamine catalyst did affect surface coverage, but that comparable surface coverage could be obtained with a hydrolysis time of approx. 3 h and no catalyst. With hydrolysis times in excess of 1 h, there was little difference in the adhesion energies measured for films prepared with or without the propylamine catalyst. The effects of solution concentration on surface coverage and adhesion energy were also investigated. Surprisingly, only a weak dependence of adhesion energy on surface coverage was observed. The relative degree of adhesion promotion obtained from various organofunctional groups matched predictions based on BCB polymer chemistry only after the critical adhesion energies were normalized for variations in silane surface coverage. A trend of increasing adhesion energy with increasing chain length was found for CH 3 -terminated silanes, which did not match the predictions of existing chain entanglement models. An opposite trend of decreasing adhesion energy with increasing chain length was found for silanes with a vinyl end-group, and an explanation based on entropically favorable silane chain conformations was offered. This study indicates that surface coverage, organofunctionality and chain length all are important factors in silane adhesion which should be considered in silane selection and use.
